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Abstract--Fundamental mechanisms of capillary action are developed qualitatively from a classical 
molecular point of view. Relative to rising capillary motion, it is found that the first prerequisite is that 
the fluid adhesion to a tube wall must be adequate to overcome the ¢ffocts of both [gravity and 
intermolecular fluid forces. This condition is independent of the tube width and enables amolecular layer 
of fluid to rise. Thereafter, an additional prerequisite is that the intermolecular fluid forces must be 
adequate to raise the interior particles along with the fluid particles along the walls. This condition ~ds  
on the tube width. Relative to falling capillary motion, corresponding conditions hold. Illustrative CRAY 
X-MP/24 computer examples are described and discussed. Finally, on the basis of available ¢xpcrimontal 
data, it is surmised that wall adhesion is of a coulombic nature. 
1. INTRODUCTION 
Recorded interest in capillary action dates from early Greek times. Rigorous modeling, however, 
seems to have begun only with Young and Laplace at the beginning of the nineteenth century [1, 2]. 
Experimentally and theoretically derived formulas for the height Of the meniscus for particular 
fluids and tubes are well-known [1, 3-5]. Very recent studies of the meniscus include weightlessness 
[2], free vibrations [6] and modern digital computer analyses [7]. 
Nevertheless, the mechanisms of capillarity are still not agreed upon universally, with the roles 
of residual valence lectrons, free energy, internal energy and surface tension still being debated 
[1, 3-5, 8]. The purpose, then, of this paper is to develop aset of consistent mechanisms for capillary 
motion from a deterministic, classical molecular point ofview. Relative to rising capillary motion, 
we will show that the prerequisite is that fluid adhesion to a tube wall must be adequate o overcome 
both gravity and intermolecular fluid forces. This condition is independent of the tube width and 
enables a molecular layer of fluid to rise. Next, we will show that a second prerequisite is that the 
intermolecular fluid forces must be adequate to raise the interior particles along with the fluid 
particles along the walls. This condition depends on the tube width, 
Illustrative CRAY X-MP/24 computer examples are described and discussed. 
2. MA~THEMATICAL ,  PHYS ICAL  AND MODEL ING PREL IMINARIES  
In our approach to modeling the capillary flow of a fluid, we will seek to determine mechanisms 
which are independent of particular physical and chemical properties of the liquid and the tube. 
Thus, our approach is, of necessity, qualitative, rather than quantitative. 
Now, the gross physical motion of a fluid is the result of forces due to gravity and due to 
molecular interaction. Gravity acts uniformly on all molecules in a fluid. Molecular interaction 
forces are local, or short-range, forces which have components of both attraction and repulsion. 
Classically, these forces have magnitude F given by 
G H 
F=-r--7+--rq, G>0,  H>0,  q>p>7,  (1) 
where r is the radius from P to a neighboring molecule. Because of the singularity in equation (1) 
at r = 0, the motion of an individual molecule can be relatively volatile locally, even though the 
gross motion of the fluid is physically stable. 
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To simulate fluid motion qualitatively, we proceed as follows. First, we group the large number 
of fluid molecules which are physically present into a relatively small number of larger units called 
quasimolecules, or particles. This process of lumping molecules into particles is the same as that 
utilized by both Boussinesq and Prandtl [9, 10]. Next, we define the motion of each particle, denoted 
by P~, of the resulting system of, say, N particles, by the coupled system of nonlinear, ordinary 
differential equations 
F i=mi~ i, i=  1, 2 . . . . .  N, (2) 
in which m~ is the mass of P~. In system (2), 
F i=F i , i+F2 , i ,  
where FI.~ is the force due to gravity and F2, i is the force on P~ due to molecular interaction with 
its immediate neighbors. The force Ft,; applies uniformly to all particles P~, i = 1, 2 , . . . ,  N. The 
force F2.i is determined in accordance with equation (1), but with p and q diminished appropriately 
in order to maintain the physical stability of the gross motion of the system. 
Next, the resulting differential system (2) is solved numerically from given initial data as follows 
[11]. Consider N particles P~, i = 1, 2 . . . . .  N. For At > 0, let tk = kAt ,  k = 0, 1, 2 . . . . .  For each i, 
let mi denote the mass of P~ and let P; at t k be located at ri, k = (Xi,k,  Y~.k), have velocity v;.k = (vis,,x, v~.~,y) 
and acceleration a~.k = (a~,x, a~,y). Let position, velocity and acceleration be related by the formulas 
and 
Vi, l/2 = Vi, 0 + ½(A/)ai ,0,  
vi,k + t/2 = vl.k_ i/2 + (At)a~,k, k=l ,2  . . . . .  
(3) 
(4) 
ri.k+ 1 = ri,k + (At)vi.k+ 1/2, k = 0, 1, 2 . . . . .  (5) 
At tk, let the force acting on P~ be F~, k = (F/.k,x, F,.k.y ). We relate force and acceleration by the 
dynamical equation 
Fi,k = miai.k. (6) 
The motion of each P~ will be determined explicitly and recursively by equations (3)-(6) from given 
initial data once the force F;~ is prescribed, and this is done as follows. First, fix a positive 
parameter D, called the local distance parameter. Any particle Pj, different from P~, which lies 
within a circle of radius D and center P~ is called a neighbor of P~. If Pj is a neighbor of Pi, let 
ru~ be the vector from Pt to Pj at time tk, SO that r~j~ = II ri.k - -  rj~ II is the distance between the two 
particles. Then the local force F* k on P~ due to Pj at time t k is defined by 
F*, = "r--'" + - - "  
r ij,k 
The total force F*k on P~ at t, is defined by 
E*  = Fij .k, 
j= l  
(7) 
(8) 
where the summation is taken over all neighbors of Pi. Finally, the total force Fi, k on Pi at t, is 
defined by 
F/kx = F* -- * -- , ,  i,k,x, Fi.k,y -  Fi.k.y mig, (9) 
where g is the constant of acceleration due to gravity. 
Throughout the present paper, unless otherwise stated, we choose the scaled parameters g = 9.8, 
D=l .4andm~=l ,  Vi. 
And, for the convenience of the reader, FORTRAN programs for the above algorithm and for 
all other algorithms to be described are given in Ref. [12]. 
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3. GENERATING PART ICLE  FLU IDS 
Before one can discuss capillarity, one may want available a fluid in a basin, into which a 
capillary tube can be immersed. To generate such a particle fluid, consider, then, rectangular basin 
AOBQ, as shown in Fig. 1, in which the base 0B has length 50 units. Let the dynamical parameters 
be p = 3, q = 5, G = 7.5, H = 10, N = 1010. Arrange the 1010 particles into 20 rows, as shown 
in Fig. 2. The initial positions are given precisely by 
Xl,o = 0.0, 
x;+ n,0 = Xi.o + 1.0, 
x~+ n,o = x~,0 + 1.0, 
Xi,O = X i -  101,0, 
Yl.o = 16.454, 
Y~+l,o = 16.454, 
Y~+l,o = 15.588, 
Y~o = Yi-lol.o - 1.732, 
x52,o = 0.5, 
i=1 ,2 , . . ,50 ,  
i = 52,53 . . . . .  100, 
i = 102,103, . . . ,1010,  ' 
Ys~.o = 15.588, 
The particle positions are at the vertices of  a triangular lattice, the distance between any two 
adjacent particles being unity. The initial velocity components are assigned arbitrarily and 
Vi,o~ = 0.0001, 
V~.o~ = - 0.0001, 
Vi.oz = - 0.0001, 
Vi,o,y = - 0.0001, 
V~,o,v = 0.0001, 
Vt,o,y = 0.0001, 
i = 52,53 . . . . .  152; 
i = 352,353, . . . ,  452; 
i = 750,751 . . . . .  850; 
i = 250,251 . . . . .  271; 
i = 550,551 . . . . .  650; 
i = 950,951 . . . . .  1000; 
nonsymmetrically by 
with all other velocity components et equal to zero. 
Y 
,0 
8 
Fig. I 
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We wish next to allow the particles to mix. Since all parameters and all initial data are now 
prescribed, the algorithm (3)-(9) can be executed, except for one additional constraint. We wish 
to keep the fluid within the basin. This requires a rule for reflection from the basin walls and will 
be implemented as follows. For each Pi at each tk: 
(a) ifx~,k > 50, then reset 
xi. k ~ 1 O0 - Xi.k, Ui, k, x ~ - -  ~)l)i,k,x, l)i,k,y "~ ]~Ui,k,y ; (1 O) 
(b) if X~,k < 0, then reset 
and 
(c) 
Xi ,k  ~ - -  X i ,k ,  !')i,k,x ~ - -  ]) l) i ,k,x, Ui,k,v ~ yVi ,k ,y  ; (11)  
i fy i ,  k < 0, then reset 
Yi,k ~ - -Y i ,k ,  vi,k,x -*  )'vij,,x, vi,k,y --* - 7vi,k.y. (12) 
The parameter 7 in rules (10)--(12) is a wall-damping parameter which depends primarily on the 
fluid temperature [11]. Until specified otherwise, let 7 = 0.95. 
With the reflection rules (10)-(12), algorithm (3)-(9) was run on a CRAY X-MP/24 for 90,000 
time steps. The resulting highly active, sloshing particle fluid is shown in Fig. 3a. The positions 
and velocities of all 1010 particles are listed in Ref. [12]. 
To analyze more accurately the phenomena to be described later, we generate next a second basin 
fluid. The initial positions of the 1010 particles are taken to be 
xL0 = 0.0, YJ,0 = 8.227, Y52,0 = 7.794, 
Xi+l ,o=x i ,o+ 1.0, yi+l,0 = 8.227, 
x i+ i,o = Xi,o + 1.0, Yi+ 1,0 = 7.794, 
Xi,o = x i -  101,0, Yi, o = Y i -  101.0 - 0.866, 
In addition, we set G = 25.0. All other parameters and considerations are unchanged. After 78,000 
time steps, the resulting midly active fluid is as shown in Fig. 3b. 
x52.0 = 0.5, 
i = 1,2 . . . .  ,50, 
i = 52,53 . . . . .  100, 
i = 102,103,.. . ,1010. 
Fig. 3a 
Fig. 3b 
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4. CAPILLARY TUBE CONFIGURATION 
In order to study capillarity, we now extend the basin shown in Fig. 1 just enough to include 
a capillary tube on the right-hand side. The new configuration is shown in Fig. 4. The new basin 
is AOEK. The length 0B, as in Fig. 1, is still 50 units. The segments FI, FG, GJ and HK are taken 
to be the walls of the capillary tube, the interior of which is the open region GHKJ. The dimensions 
of the segments hown in Fig. 4 are 0C=51,  0D=53,  0E=53+6,  DE=GH=JK=6,  
CD = FG = IJ = 2, CF = DG = EH = 3.5 and FI = GJ = HK = 19, in which the parameter di is the 
diameter of the interior of the tube. 
Our general approach will be first to set the fluid configuration of Fig. 3a into the configuration 
of Fig. 4 directly over 0B, as shown in Fig. 5, allow the fluid to flow into the tube, and observe 
the results. We will then repeat he process with the fluid shown in Fig. 3b. However, we must again 
consider wall reflection. This time, the same principles as incorporated in rules (10)--(12) will apply 
to segments A0, 0E and EH. However, the tube walls FI, FG, GJ and HK will be treated in the 
following special way. Along FI, FG, GJ and HK set 238 additional particles which are immovab le  
and of unit mass. These particles are located ensely so as to simulate a solid. Their exact locations 
are determined as follows. Particles are placed first at the positions F, G, I, J, H and K. Then, 
the remaining particles are set between I and F, between F and G, between G and J, and between 
H and K, every 0.25 units. 
When fluid particle Pi finds that a solid particle Pj is one of its neighbors, the force Fi~ on Pi 
due to Pj is taken to have magnitude 
G* H* 
Fts, = (ru:,) p. + (roj,)q. . (13) 
All other considerations are the same. 
D 
Fig. 5 
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Note that the only moving particles are the fluid particles, so that even though there are a total 
of 1248 particles, the number of moving particles is still N = 1010. Note also that the parameters 
G, H, p and q are for fluid-fluid interaction, while G *, H*, p * and q* are for fluid-solid interaction. 
5. EXAMPLES 
Let us consider now several of the successful examples which resulted from the large number 
of examples run. We say "successful" because a large number of parameter variations were studied. 
The arbitrariness of the choices would often lead to aphysical results, and usually of an explosive 
nature. 
Example 1 
Let p=p*=3,  q=q*=5,  G=7.5,  H=10,  G*=10, H*=3,  ), =0.95 and At =0.0001. 
Figure 6 shows the resulting, relatively stable, capillary configuration at t600.000. 
Example 2 
Example 1 was rerun with the single exception 6 = 2.5, thus widening the diameter of the tube. 
Figure 7 shows the relatively stable fluid configuration at t~.~.  Again, strong wall adhesion is 
apparent, but one does not have capillarity because the central fluid particles in the tube have not 
risen. 
Example 3 
The result of Example 2 was taken as input and the only parameter change was to G = 22.5. 
Capillary motion does result, as is shown after 125,000 time steps in Fig. 8. In addition, the 
increased internal attraction of the local forces due to the increase in G now yields a more 
concentrated particle density throughout the entire fluid. 
Examples 1-3 imply the following. The first requirement for rise in a capillary tube is that the 
fluid adhesion to a wall overcome both gravity and local intermolecular fluid forces. This is aided 
Fig. 6 
Fig. 7 
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Fig. 8 
by the relatively large concentration of solid-like particles and is independent of the tube width. 
As the tube diameter increases, however, the second requirement is that the intermolecular fluid 
forces be adequate to raise interior fluid particles along with the fluid particles along the walls. This 
was accomplished in Example 3 by increasing G. Further, Fig. 7 seems to imply that a molecular 
layer of fluid may rise along the walls in a real fluid even if capillarity is not observed visually. 
Example 4 
Let us again take the output of Example 2 as input. This time, however, the following parameter 
changes are made: G = 20 .0 ,  G*  = 0.1 and H* = 1.0; so that the wall adhesion parameter G*, in 
particular, has been reduced ramatically. As shown in Fig. 9, after 14,000 time steps with the 
increased time step At = 0.001, the fluid has self-reorganized to yield a lowering in the tube, which 
is characteristic of a mercury-glass configuration. 
Example 5 
Example 4 was repeated with the single change G* = 1.0. The results are shown in Fig. 10 after 
12,000 time steps with At = 0.001 and show an increase in wall adhesion over that of Example 4. 
With regard to Examples 1-5, it should be noted immediately that the fluid motion is sensitive 
to the choices of G and H. Thus, in Example 3 the choices G = 15 and G = 17.5 yielded no rise 
of the interior particles, while in Examples 4 and 5 these choices yielded no fall of the interior 
particles. 
Results completely analogous to those of Examples 1-5 were obtained also by beginning with 
the parameter set p = 2, q = 4, G = H = 10 and G* = H* = 100. However, on changing G to 20 
in this set, the resulting "meniscus" was more pronounced than that shown in Fig. 8 because the 
fluid particles along the walls rose to a height twice that to which the interior particles had risen. 
Note also that the total system kinetic energy KE was monitored constantly. In every case, for 
1000 < KE < 2000, the fluid was always near an equilibrium state. 
Fig. 9 
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4 
Fig. 10 
Let us show now that the results derived in Examples 1-5 are, in general, also valid if one begins 
with the basin fluid shown in Fig. 3b rather than one shown in Fig. 3a. For the remaining examples 
we letp  =p*  = 3, q =q*  = 5, G =25,  H= 10, ), =0.995 and At = 0.001. 
Example 6 
Set G*= 25, H* = 10 and 3 = 2.5. Figure 11 shows the rise in the tube at the times/75o, hsoo, 
t6ooo, t,.ooo, tj8,0oo and t3o,ooo. At /750 the strong adhesion to the tube wall is seen to overcome the 
(a) tv5 o {b) t,~oo (c) t6ooo 
( d ) t~,,ooo ( • ) tm,oo o ( f ) t3o,ooo 
Fig. 11 
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(O) ~= 1.0 (b) B=2.5 
Fig. 12 
(C) ~=4.0 
effects of gravity. At tlso0 one sees the adhesion to the right inner wall of the tube having a greater 
effect han the cohesive intermolecular force. At t~0o the strong adhesion is apparent even on the 
outer left wall of the tube. By time ho,00o, a relatively stable configuration has been reached and 
the shape of the "meniscus" is consistent with experiment. 
Example 7 
In this example we restudy the results of Example 6, but with different tube widths 6. 
Figure 12 shows, at t3o.00o, the results of repeating the calculations with tube widths 6 = 1.0, 2.5 
and 4.0. The height of the fluid on the outside left wall is practically unchanged in all three cases. 
However, the dramatic hange of height inside the tube is readily apparent. 
Example 8 
Example 6 was rerun with the parameter changes G* = H* = 1. Wall adhesion is now relatively 
weaker than gravity and intermolecular cohesion. The results of the simulation are shown in 
Fig. 13 at hsoo, hooo, tsm and tl8.ooo. The initial flow at hsoo is distinctly different from that described 
in Example 6, in that gravity now dominates wall adhesion. At t3o0o ne sees the "mercury-type" 
fluid formation beginning to appear inside the tube, with the relative equilibrium state apparent 
at t~s.ooo. The motion in this example was less active than that of Examples 6 and 7, so that 
equilibrium was approached more readily. 
IE  • i 
(o) tlsoo (b) t3ooo (c) teooo (d) tla,oOo 
Fig. 13 
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Results completely analogous to those of Examples 6-8 were obtained also with the parameter 
choices p =2,  q =4,  G =20,  G =22.5, 3 = 1.5, 6 =2.0, 6 =3.0, 6 =3.5, G* =0,1 and G* =0.5. 
Note, again that the total KE of the system was monitored constantly. In every case, for KE < 2000 
the fluid was always near equilibrium. In Examples 6-8 the KE at the final time shown in the figures 
was in the range 2000 < KE < 2500. 
6. GENERAL REMARKS 
It is c laimed by Fawkes and others [4] that "every l iquid wets every solid to some extent". I f  
this is correct, then it appears to us that the wall adhesion mechanism is, in fact, coulombic,  i.e. 
the residual valence electron theory appears to be the most reasonable theory. Indeed, a classical 
molecular  force could not be applicable, since not all molecules bind to all other  molecules. The 
use of  a formula like 
G H 
- -  (14)  F -- r- 5 + r- ~ 
to simulate a residual valence lectron approach is, however, reasonable. Indeed, theterm -G/ r  2 
yields coulombic attraction, while the term H/r  q, which is repulsive, does not allow particles to 
coalesce, thus yielding conservation of mass. 
Finally, we wish to emphasize a basic versatility of our methodology. As was seen in Examples 
3-5, changing parameters in a simulation offers no problems because the particle formulation 
allows for system self-reorganization [11],an attribute not usually available in a continuum model. 
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